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Abstract:
Renewable energy sources are a vital topic to the future of growing industrialized
nations. Solar cells are a popular potential technology to become a major source of
energy supply, with Silicon (Si) being the most common solar cell semiconductor
material. To address the cost of bulk Si, thin film amorphous Silicon (a-Si) solar cell
technology was developed. The drawback to using thin film a-Si solar cells is the
reduction in power efficiency compared to bulk Si cells. In this work we explore the use
of local plasmon resonance and nanoparticle interfaces to enhance photocurrent within
thin film Si. Silver (Ag) nano ink and synthesized Ag nanoparticles were deposited onto
Silicon-on-insulator devices through a spin-coating technique. The photocurrent response
to the plasmonic interface for several solution weights and particle sizes were analyzed.
The photocurrent responses of varying solution weights of 40 nm diameter Ag nano ink
particles were tested. The maximum photocurrent response was found to be 149.96 ±
6.69% with a surface coverage of 7% and a solution of 0.1% wt./vol. Two nanoparticle
sizes of 31 nm and 69 nm were also synthesized through wet chemistry techniques. The
69 nm diameter particle had the greatest photocurrent enhancement of 198.84 ± 3.43%.
The 31 nm diameter particles at the same solution dilution had a photcurrent
enhancement of 48.92 ± 1.47%. This response is greater than the photocurrent
enhancement of 16 nm diameter particles fabricated using the thermal evaporation and
annealing techniques which reported a maximum enhancement of 33%. Using this simple
method of prefabricating and spin-coating particles, reliable photocurrent enhancement
may be achieved and the parameters of the nanoparticles may be controlled for maximum
enhancement.
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Chapter 1: Introduction

In this work, we explore the effect of nanoparticles on photosensitive devices for
the purpose of improving the photocurrent of solar cells or other photodetector devices.
For semiconductor devices such as Silicon (Si) based devices, nanoparticles offer a
relatively cheap, easy, and effective way of improving light scattering. The next few
chapters will give the background and the theoretical details of solar cells, plasmonic
nanostructures, the experimental method of depositing nanoparticles via spin-coating, and
the results of our experiments.

1.1. Motivation
Renewable energy sources have increasingly become an important topic in the
economic vitality of growing and industrialized nations. The demands of finding
environmentally friendly methods of producing energy have led to a myriad of
technologies that attempt to provide the necessary power while maintaining cost
effectiveness. While solar cells have been in development since the 1950s, developing
low cost solar cells that effectively compete with other energy sources and infrastructure
have not been fully realized yet. Currently, solar cell dollar cost per Watt is twice that of
other renewable energy sources such as hydro or wind power, and two to five times the
cost of non-renewable energy sources such as coal and natural gas [1]. Si is one of the
most common materials used to fabricate photovoltaic cells. Although Si in nature is
abundant, the crystalline bulk material required to produce high efficiency solar cells still
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prohibits cheap large scale production. Historically, crystalline Silicon (c-Si) cost up to
60% of the total manufacturing cost of a solar cell. Recent advances have decreased the
cost of c-Si in laboratory settings to 20% of the cost [2]. A key advancement to lowering
the cost of solar cell production is the reduction of semiconductor material thickness.
Thin film solar cells, which have been in development since the 1980s, use amorphous
Silicon (a-Si) as the semiconductor layer. Thin film solar cells in production have an
average a-Si thickness of 300-500 nm, whereas bulk c-Si solar cells in assembly have an
average c-Si thickness of 200-500 µm. Thus exchanging the solar cell semiconductor
material from highly structured c-Si to aperiodic a-Si can reduce the layer thickness by
three orders of magnitude, and thin film solar cells can be manufactured at a significantly
lower cost. However, one disadvantage of thin film solar cells is the relatively low
efficiency of light to power conversion. A solution to enhance light absorption within the
a-Si layer is a plasmonic interface which may help improve the efficiency of thin film
solar cells. Applying nanoparticles to a Si surface broadens the scattering angles of light
within the thin Si semiconductor layer. The increased light optical path length within the
Si improves the absorption and thus the power efficiency while maintaining the reduced
volume of Si needed. Such principles that are effective for solar cell may also be used to
improve photodetection for other Si based devices.
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1.2. Bulk and Thin Film Solar Cells
The structure of bulk c-Si solar cells operates as shown in Figure 1.

Figure 1: Schematic of a p-n junction solar cell. The base is p-type Si and the
emitter is n-type Si [3].
Bulk doped p-type Si is used as the wafer substrate. A p-type substrate is formed by
adding a dopant possessing fewer electrons in its outer shell than Si, such as Boron. By
adding a p-type dopant, or acceptor atom, ‘holes’ are formed where electrons can jump to
create a current. An n-type emitter layer is created by diffusing an n-type dopant such as
Phosphorous onto the top of the substrate. An n-type dopant, or donor atom, has more
electrons in its outer shell than Si that allows electrons to easily conduct from one atom to
the next. At the junction of the p-type and n-type layers, or the p-n junction, a depletion
layer is formed as shown in Figure 2.
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Figure 2: Depletion region schematic. The p-type layer shows the accepter atoms
and holes, and the n-type layer shows the donor atoms and electrons. The depletion
zone shows the area devoid of free carriers [4].
The electrons and holes diffuse and recombine to remove all free carriers in the region.
The immovable oppositely charged ions left form an electrical gradient across the cell.
When light is absorbed by the Si atoms, electrons jump from the valence band to the
conducting band [5]. The inherent gradient of the cell forces the freed electrons to move
opposite the electric field towards the n-type layer, and the residual hole to move towards
the p-type layer. This diode like behavior ensures that current flows in only one direction.
In general, the p-type layer is on the order of 200-500x larger than the n-type emitter.
Most of the light is absorbed close to the top surface of the solar cell. By making the ntype layer very thin, a large portion of electron-hole pairs generated are within diffusion
length of the p-n junction. In c-Si, the geometrical lattice structure of the material allows
electrons to easily move the distance of the cell thickness. In commercial solar cells
polycrystalline Si, or Si with many smaller crystal grains, is often used. Although not as
efficient, it is cheaper to manufacture monocrystalline Si. The top contacts conduct away
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the extra electrons in the n-type layer and a connection to the back contact layer
completes the circuit. Back contact reflectors are added by methods such as thermal
evaporation or screen printing using a metal paste. Front contact fingers are added which
have a grid like structure and are manufactured through screen printing or thermal
evaporation of grids [6].
The band gap of monocrystaline Si is 1.1 eV or 1100 nm which indicates the
minimum energy needed to excite electrons from ground to conducting states. Si is
particularly attractive as a material for solar cells applications because its wavelength
absorption spectrum conveniently falls between the peak 400-1100 nm range of the solar
spectrum. In bulk c-Si solar cells, a variety of simple methods can be used to increase
light scattering and enhance power efficiency. For example, texturizing the top layer of Si
or bottom contact reflector causes light to scatter at different angles, effectively trapping
the light. The increased optical path enhances absorption by allowing weakly absorbed
longer wavelengths of light to couple into the Si [6]. Additionally, an anti-reflection
coating can be added on to the top layer of the solar cell to reduce light lost from surface
reflection. Utilizing these methods is used in industry to improve efficiency of the solar
cell [2, 5].
In commercial manufacturing, the cost of traditional solar cells is still not
economically viable enough to compete with other sources of energy. To create mono or
polycrystalline Si, raw Si is first melted in a mold. A seed is introduced into the melt and
slowly pulled so that Si grows geometrically on the seed. The crystalline growth is redipped and pulled again so that more Si is ordered onto the matrix. This process is
repeated until a full solid ingot is created. The ingot is sliced into the desired thickness
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and polished into wafers. The entire procedure requires precise heat and motion control to
carefully grow the Si into a crystalline lattice and lessen contamination [7]. This process
is expensive and the amount of material, time, and carefully controlled fabrication
facilities prohibit cost effective manufacturing [2]. Light trapping techniques for bulk Si
solar cells such as the aforementioned surface texturing, which is usually done through
acid stripping, also adds extra costs [8]. To try to address some of these disadvantages,
thin film solar cells have been created.
Thin film a-Si solar cells eliminate the cost associated with creating c-Si solar
cells and as well as the volume of raw Si needed. As previously mentioned, thin film
solar cells use 300-500 nm thickness of a-Si whereas bulk c-Si solar cells use 200-500
µm. The biggest restriction hindering thin film solar cell efficiency is the a-Si structure.
A-Si does not have a structural lattice like that of c-Si, which causes the electron
diffusion length to be much shorter in a-Si than in c-Si. Hydrogenated amorphous Silicon
(a-Si:H) improves the diffusion length by passivating dangling bonds within hydrogen;
however the diffusion length is still only 0.1-0.3 µm. Therefore the entire thickness of the
cell must be very thin to transport electrons before recombination occurs [9]. The
structure of thin film a-Si:H solar cells is the p-i-n junction. The n-i-p junction is also
used, the difference being whether the cell is constructed with the p-type or n-type a-Si:H
layer on the top surface [10]. In thin film solar cells, the substrate may be any variety of
material since it is not integral to the cell. Glass substrates are commonly used which
allow bottom up configuration of cell fabrication and light to enter from the glass side.
Foil substrates are used in roll-to-roll print manufacturing, where the cell is constructed
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top down and the foil also doubles as the back conductor. The most common way to build
the cell is from the top to bottom as shown in Figure 3 [11].

Figure 3: Schematic of a-Si:H p-i-n junction thin film solar cell on a glass substrate
[11].
In this configuration, a glass substrate is used. A thin layer of transparent conducting
oxide (TCO) is first deposited onto the glass. The TCO layer may be made of materials
such as Indium Tin oxide (ITO), Aluminum doped Zinc oxide (ZnO:Al), or Titanium
dioxide (TiO2). TCOs are used in place of finger contacts on the top layer to reduce the
length electrons must travel. TCOs are able to conduct electrons over the entire front
plane whereas contact fingers force electrons to travel further to a single spot to be
conducted. The a-Si:H active layer is deposited via plasma enhanced chemical vapor
deposition (PECVD). A very thin layer (on the order of ~10-20 nm) of p-type a-Si:H is
first deposited onto the substrate. The next layer is a thicker layer (on the order of ~100300 nm) of intrinsic or neutral a-Si:H. The final layer is very thin layer (on the order of
~20-30 nm) of n-type a-Si:H [9, 10]. The two boundaries created by the n-type and ptype a-Si:H with the intrinsic layer form depletion zones, similar to the p-n junction of
7

bulk c-Si solar cells. The negative and positive ions on each side of the intrinsic layer
create an electrical gradient within the intrinsic a-Si:H layer. For thin a-Si:H solar cells, a
single p-n junction structure would not be sufficient. The short diffusion length of
electrons in a-Si means that the p- and n–type layers must be very thin to avoid electronhole recombination before reaching a contact. If the active layer Si is too thin, power
efficiency drops because the optical path has been shortened so that no significant
absorption will happen. Inserting a thicker intrinsic layer solves the two fold problem by
thickening the a-Si:H layer to allow more light absorption, and avoiding recombination
issues by the intrinsic a-Si:H neutrality [9, 10]. The final layer is metallic reflective back
conducting layer or a combination of TCO and a metallic contact. The different
construction structures and materials are used depending on the substrate material and
solar cell purpose.
The relative ease of the a-Si:H deposition and the small volume required for the
active layer reduces the costs of solar cell fabrication. However, this usually comes at the
cost of power efficiency. The bandgap of a-Si is 1.7 eV or 732 nm. The wavelength
absorption range of a-Si is generally 400 nm to 730 nm which still captures the peak
intensities of the solar spectrum but loses some of the infrared spectrum that
monocrystalline solar cells are able to absorb [9]. Energies larger than the bandgap
energy excite electrons to the conduction state, but any energy excess of the bandgap
energy is lost to thermal vibrations. The upper energy range of the absorption spectrum is
limited by the penetration depths. Wavelengths shorter than the upper limit of the
absorption range have a very short permeation depth. The electron hole pairs generated
are quickly lost to surface recombination and effectively no current is generated [12, 13].
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The ratio of cost to efficiency means that currently thin film solar cells are not able to
compete in the commercial market with bulk Si solar cells. The absolute maximum
efficiency of any Si solar cell with a single p-n junction is determined by the SchockleyQueisser limit, determined to be 30% [14]. This limit is determined from fundamental
material properties which cannot be improved upon by any techniques without changing
certain structural and material parameters of the cell [6, 13]. Current production thin film
cells have a 9% average efficiency and 14% prototype modules efficiency compared with
bulk c-Si solar cell which have a production cell average efficiency of 20% and a
prototype cell average efficiency of 30% [15]. Anti-reflection coating may be used on
thin film solar cells to reduce surface reflection loss, but the traditional methods of
texturizing may not be used with thin film manufacturing because of the very thin nature
of the cell. While conventional methods of improving power efficiency may not be used
with thin film solar cells, other more novel methods may be employed to modify the
surface of the solar cell for enhanced light absorption.
The improvement of solar cells through thin film structures may be used to
improve other photosensitive devices. The same principles of solar cells are used in
photodiode devices. Photodiodes are used in many household electronics, such as
compact disc players, remote control devices, and other light applications. Additionally,
they are also often used for accurate photodetection of light intensity within science and
industry because of their linear response in relation to other photoconductor devices such
as photomultiplier tubes. Similarly, Si is a very commonly used material in the creation
of p-n junction or p-i-n junction photodiode devices. Photodiodes run in two modes,
photovoltaic and photoconductive. The photovoltaic mode is unbiased and functions in
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the same manner as photovoltaic solar cells. The photoconductive mode has an external
reversed bias applied which widens the depletion layer and reduces the response time.
However, the photoconductive mode tends to exhibit more electronic noise. The mode
chosen is dependent on the speed requirements of the application. Photodiodes are useful
because their linearity, low noise, compactness, and long life. Because of the relative
induced current compared to photomultiplier tubes, sensitivity is always a concern with
photodiodes [16, 17]. A current method of light scattering being investigated for
enhancing the efficiency of photosensitive devices such as solar cells and photodetectors
is the use of plasmonic interfaces. Plasmonic interfaces have been shown to improve
power efficiency in Si based devices. The theory of localized surface plasmons and the
fabrication of nanostructures will be discussed subsequently.

1.3. Plasmonics
A plasmon is described as the oscillation of free elections around fixed positive
ions in a metal. Localized surface plasmons are the charge density oscillations confined
to a nanostructure such as a nanoparticle. Plasmonics play a large role in the optical
properties of metals embedded in a material, specifically the bulk plasmon resonance
which determines the frequencies absorbed and scattered. When a metal nanoparticle
diameter is significantly smaller than the wavelength of incident light, it can be
approximated as a point dipole [18]. As the electromagnetic field of the light oscillates, it
forces the electrons to oscillate opposite the field at the same frequency. The coupling of
frequencies only occurs at frequencies of equal or lesser value than the bulk plasmon
resonant frequency [19]. The resonance frequency of Silver (Ag) and Aluminum (Al) in
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air lie within the ultraviolet range, while Copper (Cu) and Gold (Au) have slightly lower
resonance frequencies within the visible light range of the electromagnetic spectrum [20].
Such metals are particularly attractive for solar cell applications as the bulk plasmon
resonance frequency is situated above or within the visible energy spectrum. The
resulting dipole of a plasmon re-radiates the light as a strong scattering element. The two
main mechanism of scattering have been proposed to explain the enhanced radiation
power: small particle light scattering and near field light concentration. The next sections
will review the theory of these mechanisms.

1.3.1. Small Particle Scattering Cross Section
Small particle light scattering can create a sizable scattering cross section that is
much larger than the physical diameter of the particle itself. Nanoparticles can be
modeled as a point spherical dipoles to find the scattering ( ), and absorption ( ) cross
sections. The cross section sizes are dependent on the polarizability of the particle ( )
which is determined by the particle volume ( ), the dielectric constant of the particle
( ), the dielectric constant of the embedding medium ( ), and wavelength of the
incident field ( ). The cross sections are given by [18, 20]:
(

) | |

[ ]

(1)

where

[
When

p⁄
p⁄

]

(2)

the particle polarizability attains the bulk plasmon resonance

frequency. The scattering cross section near the bulk plasmon resonance frequency
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increases in diameter dramatically. From Eq. (1), it is apparent the scattering cross
section can be much larger than the geometrical particle cross section. For example, the
scattering cross section is 10x the cross section of a 100 nm diameter spherical Ag
particle [20]. For Eq. (1) and (2) to hold, the particles must be much smaller than the
incident wavelength, and the scattering cross section must be smaller than the absorption
cross section [18]. As the size of the particle increases, it becomes subject to dynamic depolarization, radiation damping, and the formation of multi-poles within the particle.
Typically when using spherical Ag particles larger than 100 nm, damping factors must be
considered when modeling the scattering and absorption cross sections [20].
For metals with high intraband absorption, the Drude model can be used to
describe the response of damped free electrons to an electromagnetic field of angular
frequency ( ). The bulk plasmon resonance frequency (

) is an intrinsic value

dependent on the density of free electrons ( ), charge of an electron ( ), effective mass of
an electron ( ), and the free space dielectric constant ( ), given by

. The

relative dielectric constant ( ) is given by [18, 20]:
(3)

For free space, inserting Eq. (3) into (2) leads to [20]:
(4)

The bulk plasmon resonance frequency for a sphere in free space occurs at

√

,

which is contingent on the number of free electrons. Ag, Au, Cu, and Al have the highest
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density of free electrons, and can be tuned by varying the dielectric constant of the
embedding material.

1.3.2. Near Field Light Concentration
A nanoparticle in air will have a radiation dipole pattern that has equal angular
power distribution scattering in all orthogonal directions to the incident light. When a
nanoparticle embedded in a medium of lower optical density (M1), refractive index ( ),
and dielectric function ( ) is put within a few tens of nanometers of a planar material
with a greater optical density (M2), refractive index (

), and dielectric function ( ) the

amount of re-radiated light shifts to scatter more light into the surface. For a particle in
air near a waveguide surface, the density of modes available is greater in M2 than M1.
Thus the dipole will re-radiate predominately into M2 [19, 20].
A dipole source can be modeled as a superposition of its propagating and
evanescent waves [21]. Evanescent waves are exponentially decaying waves that occur at
boundaries. Examples of evanescent waves can be most clearly understood by looking at
the example of total internal reflection (TIR). When a beam source traveling at an
incident angle ( ) and wavenumber (

) in M2 encounters a boundary of M1, some of the

beam is reflected and some transmitted with transmission coefficient ( ), transmission
angle ( ) and wavenumber ( ). For propagating waves, a transmitted beam ( ) from a
boundary traveling in the x-z plane the takes the form:
(

(

)
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)

(5)

If the beam

is larger the critical angle (

( ⁄

) defined by

) then the

beam is totally internally reflected and no power is transmitted. However, basic wave
physics tells us that the parallel components of the electric and magnetic waves cannot be
discontinuous across a boundary. To account for this, an exponentially decaying wave is
introduced on the M1 side of the boundary. To find the waveform,
(

⁄ )

√

as determined by Snell’s law. The term
√

(

(

⁄ )

is replaced by

is replaced by

to give a transmitted field of:
( (

)

⁄

)

(

√

⁄

(6)

)

)

The equation under the square root sign in the z term is always negative when the
incident angle is above the critical angle threshold. The term can be replaced by the
constant

to give an overall transmitted expression of:
(

( (

)

⁄

)

(7)

)

The field is now an exponentially decaying wave which does not extend more than a
single wavelength away from the boundary and thus does not propagate any power [22].
If a second medium of optically denser material (M3), refractive index (

), and

dielectric constant ( ) is brought in the vicinity of an evanescent wave traveling in M1,
the boundary conditions described above for total internal reflection are met on the
second boundary. This means that the exponentially decaying wave will become a
propagating wave in M3, transmitted at an angle higher than the critical angle. The critical
angle here is calculated from the refractive index of

and

as

(

⁄ ).

This phenomenon is most apparent in frustrated total internal reflection (FTIR). In FTIR,
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a beam is traveling in M2 at a

greater than

encounters a boundary of M1 as in TIR.

However, when a second boundary of M3 is brought within a single wavelength of the
first boundary and the beam is propagated into M3 at a lower intensity which is dependent
on the distance M3 is situated away from M1. Because the evanescent wave decays at an
exponential rate, the transmitted intensity decays by the distance.
The radiation power of a dipole source must take into account both propagating
and evanescent waves when near a dielectric boundary. The dipole source can be
modeled as in FTIR situation. Evanescent waves from a dipole source in air or other
optically lighter medium upon a dielectric boundary situated within one wavelength will
be transmitted as propagating waves within the dielectric boundary at higher than critical
angles. Propagating waves from the dipole source will be transmitted according to Snell’s
law at lower than critical angles [21, 23].
The normalized radiation pattern of an electric dipole (

) in medium

(M1) a distance ( ) above a planar dielectric surface (M2) is the ratio of the dipole
radiation pattern ( ) and the total rate of energy dissipation of a dipole in M1 unbounded
( ). It can be calculated as a function of solid angle by the equation [19]:
(

)
| |

[

|

( )

|

[

]

[

] |
[

|
( )

]

( )

|

|
[
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(8)

( )

( )

( )

( )

]]

In the above equation,

( )

is the potential of the vertical dipole,

potentials of the horizontal dipole with transmission coefficients

( )

( )

and

and

are the

containing p

and s polarized light respectively. The potentials are given by the equations:
( )

[

( )

( )
( )

( )

[

( )]

( )

( )

[

( )]

( )

(9)

( )]

(10)

(11)

The unit vector of the z-direction ( ) is the ratio of the z-directional wavenumber in M1
(

) and z-directional wavenumber in M2 (
( )

For

[ ⁄

√ ⁄

(

), defined as:
)

(12)

√ ⁄

], or angles above critical angle, the term

becomes imaginary.

When Eq. (12) is inserted into Eq. (9) through (11), the dipole potentials become
exponentially decreasing. The physical interpretation of this is the strength of the
propagating waves from evanescent sources is dependent on the distance of the dipole
from the dielectric surface. Theory shows that at very close distances, the main source of
radiation power is from evanescent wave sources [21, 23]. However as

increases, the

power from evanescent sources decreases rapidly till the only power source is from
propagating waves.
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The easiest dipole to model is a horizontally lying dipole. When the dipole is
horizontal, the first and fourth terms of Eq. (8) vanishes. Catchpole et al. have modeled a
horizontal point dipole near a lossless substrate as shown in Figure 4 [20].

Figure 4: Radiation patterns for a dipole 20 nm (blue dashed line) and 60 nm (red
solid line) above a Si substrate. Adapted from Catchpole et al. [20].
Their results show at near field distance above the substrate light may couple into the
dielectric at angles greater than the critical angle of 16º, which is the angle of total
internal reflection inside the Si substrate. In fact, radiation peaks appear in power
transmission near the critical angles when the dipole source is within a wavelength. This
radiation pattern phenomena is attributed to the dipole evanescent wave sources as
calculated in theory and captured physically by camera [20, 23, 24]. As the dipole moves
away from the surface, the excess radiation from evanescent waves decrease, and more of
the light is concentrated at angles below the critical angle.
When an Ag particle in air is situated 20 nm above a Si surface, 96% of the
scattered light is emitted into the surface of a higher dielectric constant while only 4% of
the light is lost into free space. The effect holds when the particle is in the near vicinity of
17

the surface, but logarithmically fades as the particle is moved farther away and resumes
its free space radiation pattern [25]. The effect also disappears at distances very close to
the surface. In distances within a couple nanometers of the surface, electrons are able to
tunnel from the particle to the surface, neutralizing the dipole. Thus, surface passivation
is a very important consideration when designing nanoparticles interfaces. The
nanoparticle should be close to the surface of the semiconductor, but isolated from
contact. If contact is made or the particle is near enough to the substrate to allow electron
tunneling, the polarized electrons will move to the semiconductor and neutralize the
particle, effectively making it a light blocking particle and suppressing the photocurrent
response.
A limitation of the near field radiation pattern intensity of a particle near a surface is
the effective cross section of the particle. At close distances the effective scattering cross
section is reduced due to the destructive interference of the incident and reflected fields,
and thus has a reduced driving field. The scattering cross section exponentially increases
as the particle moves away from the surface. The particle-surface distance balance must
be found between the optimal scattering cross section and the near field concentration
distance where evanescent field can still be taken advantage of. For an ideal 100 nm
diameter Ag particle near a lossless substrate, the distance is found to be 60 nm [20].
Thus, the optimum particle configuration is a balance between distance from the surface,
embedding and dielectric material, and particle shape. The fabrication method and the
production techniques used in the formation of nanoparticles and nanostructures will
determine the optical parameters of the interface.
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1.3.3. Nanostructures
Literature has reported that nanostructures can be used to enhance photocurrent in
semiconductor devices. One method of creating nanofeatures on to a substrate is
photolithography. Using photolithography, nanostructures are pre-patterned onto the
device before forming the p-i-n junction. Patterning the substrate means that the solar cell
must be created in a bottom up sequence; the back patterned contact is created first, the aSi p-i-n junction is deposited, and finally the TCO layer is added. Back pattering induces
surface plasmon polaritons (SPPs) which couple to the semiconductor-metal interface.
SPPs are formed when incident light creates localized oscillations at the semiconductormetal interface. The continuous incident light couples with these surface oscillations to
create propagating light along the semiconductor-metal boundary [26]. Pattering can be
done through focused ion beam patterning or soft nanoimprint lithography [27]. Focused
ion beam patterning is very precise but time consuming as an ion beam must make each
individual structure. Soft nanoimprint lithography is quicker and more compliant with
large area patterning as a prefabricated stamp is used to create the nano-features.
Patterning grooves or bumps onto the back contact of solar cell has been demonstrated to
enhance the current up to 27% within a laboratory setting [27]. Limits to this type of
methodology include time constraints when using focused ion beam pattering, the extra
step inserted into the manufacturing process, and the limited shapes that can be
constructed. The most popular method of adding a plasmonic interface is through adding
nanoparticles to the top surface of a Si device. Nanoparticles induce localized surface
plasmons and lengthen optical paths through the mechanisms discussed in the previous
sections. However, current methods of manufacturing nanoparticles on a surface are
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difficult to use when creating particles with controllable features and still have some
degree of complexity in fabrication. Simpler nanostructure fabrication methods may be
more desirable to industry if they can be proven to be more cost effective even at the
expense of overall maximum enhancement.
In the next chapter, we will explore a simple method of depositing nanoparticles
through spin-coating. The effects of surface morphology, particle distance, and particle
size affect the overall photocurrent enhancement. Our experiment is designed to
investigate some of these parameters through nanoparticle prefabrication.
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Chapter 2: Fabrication and Experimental Set Up

In our experiments we explored a simple and relatively cheap method of
depositing nanoparticles onto a Silicon (Si) based substrate in a monolayer fashion. We
also investigate methods of prefabricating nanoparticles, so that the task of controlling
size, shape and structure could be done independent of the semiconductor device surface.
This will allow for easier inspection and manipulation of particle parameters.
Literature shows that nanoparticles can be used to enhance current within Siliconon-insulator (SOI) cells. SOI cells are a popular method of testing current responses
because they are easy to fabricate, and can closely approximate the thickness dimension
of thin film solar cells. The most popular method of nanoparticle fabrication is thermal
evaporation and annealing on a Si device. In this setup a very thin layer, 12-22 nm, of
metal such as Silver (Ag) is thermally evaporated onto the SOI surface [28]. The SOI cell
is annealed at a low temperature of 150-300 ºC for 40-60 minutes in a nitrogen
environment. The thin metal surface becomes softened to a point where the surface
tension causes the thin layer to retract into small disk shape islands. The islands have
been isolated from the semiconductor by spreading a very thin layer of Lithium Fluouride
(LiF) on the surface or thermally growing a thicker native Silicon dioxide (SiO2) layer
[28, 29]. The annealing temperature can loosely control the diameter of islands where
lower temperatures create larger islands. The most predictable size range of the islands is
16-30 nm [28]. Using this method, current enhancement in SOI devices has been
increased by up to 33% [29]. Although this method provides a simple way to fabricate
nanoparticles on a device, it is limited by the size and shape of particles generated. The
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range of particle sizes is dependent on the annealing heat, which can produce inconsistent
particle dimensions. Often the larger particles have irregular shapes that are not circular.
Periodicity between particles can be achieved if using a porous template to fabricate
particles [26]. This nanoparticle fabrication method also limits the shape of particles to
disks or hemispheres only. Thermal evaporation and annealing requires post processing
heat to be applied to the semiconductor which is not particularly desirable. In our
experiment particles are prefabricated and deposited on SOI devices via spin-coating
which does not require any post processing heat.

2.1. Silicon On Insulator Cells
SOI cells were fabricated to measure the nanoparticle effects on current. SOI cells
are simple devices that have an open surface to allow the distribution of nanoparticles
very close to the crystalline Silicon (c-Si) active layer. The schematic of the device is
shown in Figure 5.

Figure 5: Schematic of the SOI device with nanoparticles. The contacts were
deposited using thermal evaporation. The nanoparticles were deposited through
spin-coating.
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In true thin film amorphous Silicon (a-Si) solar cells, the a-Si active layer is thinner than
many SOI wafers available. However the SOI wafers are within range of the solar cell
thickness to approximate the a-Si active layer of a thin film solar cell. In our case the c-Si
SOI active layer thickness was ~3-4X the active layer thickness of standard thin film a-Si
solar cells. Also in our experiments, a c-Si layer was used instead of a a-Si layer because
of the availability of c-Si in SOI devices and the ability to use lateral current
measurements instead of vertical current measurements as discussed in the previous
chapter. The effect of light trapping on thin film c-Si is comparable to the effect on thin
film a-Si. The SOI wafer was obtained from University Wafers. The wafer structure was
a bonded n-type c-Si wafer, doped with Phosphorous with a resist of 1- 0 Ω-cm. N-type
c-Si was found to be easier to use in our application since electron carriers offer mobility
than the electron holes in p-type c-Si. The overall structure of the wafer consisted of a
neutral Si substrate, a buried SiO2 layer of 1 µm thickness, and a top n-type c-Si layer of
1.5-2 µm thickness. The buried SiO2 layer electronically isolated the active n-type c-Si
layer from the Si substrate. The wafer was cleaned using a buffered oxide etch (BOE) to
remove the top native SiO2 layer and any other residual contamination. Ohmic finger
contacts were used as contacts for the SOI cell. Because a c-Si active layer was used, a
lateral current could be induced between the contacts from the longer electron diffusion
length. A mask was used to add 1 mm x 10 mm Aluminum (Al) contact pairs with a
finger distance of 1 mm apart using thermal vapor deposition. The contacts were
deposited to a thickness of 35 nm. The wafer was allowed to rest under standard
atmospheric conditions and ambient room temperature for a minimum of four hours to let
the native SiO2 regrow on the top active layer that will act as the particle passivation
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layer. The native SiO2 layer generally grows 1-10 nm thick, depending on the thickness
of the c-Si.
The SOI device had a single doped layer that did not have the built in open voltage
of a p-n junction. Therefore, a bias was applied to the SOI contact pairs to simulate the
solar cell electrical gradient and induce the short circuit current when exposed to
illumination. The sample was irradiated and the resulting current was collected and stored
on an analysis computer as shown in Figure 6.

Figure 6: Experimental current collector schematic. The sample shown in the
bubble sits underneath the optical microscope.
A tunable step-motor monochromator irradiated the light at discrete wavelengths of 2 nm
from 400 to 1000 nm. The monochromator consists of a halogen lamp and a diffraction
grating which does not operate at the standard AM 1.5, but does allow for the irradiance
of individual wavelengths. The light signal above 1000 nm was significantly weakened
so that the photocurrent induced was difficult to separate from noise. Measurements
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above 1000 nm were deemed insufficient. The beam was directed to an optical
microscope and focused on the sample. A reference beam was collected using an internal
beam splitter with a photodetector. A bias of 0.05V was applied to the contact pairs using
a pre-amplifier that stimulated a horizontal built potential across the top n-type c-Si
active layer. The induced current was measured via probes across the contacts using the
same pre-amplifier. The signal was extracted using a lock in amplifier and sent to the
control computer. The short circuit current was recorded as a function of wavelength over
the contact area using the analysis computer. Reference photocurrent measurements were
conducted on a bare SOI. The same wafer was then coated with nanoparticles and remeasured under the exact same conditions as the bare SOI measurements to find the
percentage increase of photocurrent due to the effects of the nanoparticles.

2.2. Nanoparticle Solutions and Deposition
Two methods of creating nanoparticle solutions for experimentation were
developed. The nanoparticles were deposited on the SOI devices using the same
techniques and the photocurrent response was collected using the current collector.

2.2.1. Silver Nano Ink
Ag nano ink solutions were made by diluting a stock solution of Ag nano ink in
ethanol alcohol (EtOH). The Ag nano ink was obtained from Sigma Alderich. Dynamic
light scattering (DLS) revealed that the average particle diameter of the Ag nano ink was
40 ± 1.1 nm. The received particles were 20% wt./vol. dissolved in an ethanol glycol
(EG) solution. The particle weights were further diluted into smaller quantities of 10%,
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5%, 1%, 0.1%, 0.05%, and 0.01% wt./vol. by thinning the solution with EtOH. EtOH was
chosen as a diluting agent because of the relatively high volatility of the liquid. The
solution would dry off of a surface quickly after being deposited without leaving residues
that may block light and suppress current. Other particle solutions diluted with EG or
toluene (CH3) had been tried, but often left residue that caused current suppression.
The nanoparticle solutions were deposited on the SOI cells via spin coating. A
volume of 300 µL was deposited during the acceleration period of 2000 to 8000 rpm over
30 seconds by a steady drip stream. The wafer was allowed to spin at 8000 rpm for 30
minutes more to dry the cell. Spin coating is a cheap and easy way of depositing particles
through wet chemistry and has been shown to effectively coat the particles evenly on Si
and SiO2 substrates [30]. By adjusting the nanoparticle weights of the solution, different
surface coverage can be obtained. Spin-coating can also scale up to larger size cells by
adjusting the volume of solution deposited and spin rate [30, 31].

2.2.2. Silver Nitrate Solution
Silver nanoparticle solutions were made through chemical reactions of Silver
nitrate (AgNO3). Size controlled nanoparticles may be produced through chemical
synthesis by varying the pH of solution during production [32]. An aqueous solution of
colloidal Ag particles stabilized by glucose was prepared by adding ammonia (NH3)
(0.02 mol L-1) to AgNO3 solution (10-3 mol L-1). Thereafter, a solution of glucose (0.01
mol L-1) was added and the reaction was stirred vigorously for 2 minutes. The
nanoparticle size of these solutions was determined to be 31 ± 0.5 nm from DLS
measurements. In a separate experiment to make larger particles, the procedure was
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repeated as stated above, but the ammonia concentration was increased to (0.1 mol L-1)
and the reaction incubation time was increased to 12 minutes. The nanoparticle size of
these solutions was determined to be 69 ± 1.1 nm from DLS measurements. After one
week of letting the 69 nm particles rest in their solution, the diameter of the particle was
measured again. The DLS indicated the particle was 91 nm in diameter, indicating a thin
glucose shell developed at a rate of 22 nm per week. The glycol shell acts as an electrical
insulator to the particle. The both solutions had a wt./vol. % of 0.013%. The particles
were deposited onto the SOI cells in the same manner as the Ag nano ink and the
photocurrent response of the coating measured.
The next chapter gives the photocurrent results of the Ag nano ink and the
synthesized particles. The Ag nano ink experiments results were used to explore the
effects of surface morphology and interparticle distance. The synthesized Ag particles
experiments preliminary results were used to explore the effects of particle size on
photocurrent.
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Chapter 3: Results

The photocurrent response of the Silver (Ag) nano ink and synthesized Ag
particle coatings were gathered and analyzed. The Ag nano ink solution weights were
varied to explore the photocurrent response, and pictures were taken to observe the
coating morphology. The synthesized Ag particles were varied in size to explore the
effects of the photocurrent response.

3.1. Silver Nano Ink
The Ag nano ink experiments used several solution weights to vary the particle
surface coverage. The photocurrent response for the SOI device was recorded several
times on each sample at different points on the contacts and averaged to get the overall
photocurrent response. The uncoated device was first measured to get the base current.
Immediately after the bare surface measurement, the Ag nano ink solution was deposited
via spin-coating and dried. The same averaging process was used to measure the current
after spin-coating the Ag nano ink layer. As little time as possible was left between the
measurements to be sure the collector time variation was small. The samples used to
measure the current response of the Ag nano ink coating were carried out on SOI wafers
with a 2 µm thick n-type crystalline Silicon (c-Si) active layer. The slightly thicker c-Si
layer gave more consistent a result because the native Silicon dioxide (SiO2) layer used in
particle passivation grew slightly thicker. A thinner c-Si active layer would need to have
the native SiO2 layer thermally grown larger or have an extra layer of insulating material
such as Lithium fluoride (LiF) added to the surface to increase the space between the
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particles and the semiconductor layer. The wavelength absorption range for the 2 µm thick
cell was 400-1100 nm. The maximum enhancement would be expected to be close to the
bandgap energy, as the most efficient conversion from light to electron excitation with
minimal loss to energy occurs there. Actual enhancement peaks depend on the bulk
plasmon resonances of the Ag nanoparticle interface. The photocurrent enhancement
responses of Ag solution wt./vol. of 0.01%, 0.05%, 0.1%, 0.2%, 0.5%, 1%, 5%, and 10%
were measured. Figure 7 shows the photocurrent enhancement responses for the eight
different Ag solution weights. Table 1 shows the solution wt./vol. percentage vs. the
overall enhancement.

29

Figure 7: Photocurrent enhancement (PE) response of (a) 0.01%, (b) 0.05%, (c)
0.1%, (d) 0.2%, (e) 0.5%, (f) 1%, (g) 5%, and (h) 10% wt./vol. Ag nano ink coatings.
The a sampling of the standard error of the data is shown by the error bars in the
inset graphics. The PE results are offset by 400 for display.
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Table 1: Comparison of Ag solution wt./vol. vs. the overall enhancement
Ag Solution Wt./Vol. %
0.01
0.05
0.1
0.2
0.5
1
5
10

Overall Enhancement %
55.60 ± 1.12
123.38 ± 1.83
153.27 ± 6.53
149.96 ± 6.69
149.17 ± 2.87
129.35 ± 4.85
97.34 ± 2.28
93.12 ± 2.74

For Ag solution weights in the range of 1-10% wt./vol., the enhancement curve shows
red-shifting. From wavelengths of 400-525 nm, the enhancement decreases but quickly
increases after 525 nm. The enhancement curves of the 1-10% wt./vol. range also show
increasing enhancement in the red spectrum. The greatest overall enhancement is from
the 0.1% wt./vol. solution. This curve shows some of the greatest enhancement peaks
where the red-shifting property is not evident yet and there is a relatively uniform
enhancement over the entire spectrum. Up until the 0.1% wt./vol. solution, the
photocurrent response corresponds to the theory that increasing particle surface coverage
will lead to increasing photocurrent response. Interference fringe shifting can be seen
most strongly in the 5% and 10% w/v solutions in the red and infrared spectrums,
although the shifts can be seen in the 0.1% w/v solution as well. The interference fringes
are caused by the thinness of the c-Si active layer. Localized peaks and dips appear in the
raw data because of the transmission and reflection within the layer interfereing. The
shifting of interference fringes is due to the phase shift caused by the silver nanoparticles
themselves [18, 33]. The Ag nano ink solution weight vs. the overall photocurrent
enhancement is shown in Figure 8.
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Figure 8: Ag nano ink solution wt./vol. vs. overall photocurrent enhancement. The
error bars show the standard error.
The enhancement vs. solution weight grows logarithmically till around the 0.1% wt./vol.
solution. The peak enhancement is shown to be in the 0.1-0.3% wt./vol. range. It then
falls logarithmically till it saturates around 5-10% wt./vol. Not much more enhancement
is gained or lost after this range. As the thicker solutions of particles spread out, a single
layer is formed and the amount of available space is limited. The extra particles will not
adhere to the surface and are wasted. Figure 9 shows an example picture of scanning
electron microscopy (SEM) images taken of the SOI surfaces.
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Figure 9: SEM image of 1% wt./vol. solution on the c-Si SOI device.
The SEM image shows that the nanoparticles collect together to form clusters and strings
of particles. At higher wt./vol. solutions this effect is pronounced where at lower wt./vol.
solutions the particles are disperse and very few configurations are formed. As the
wt./vol. solution deposited get denser, the surface does show some particle stacking and
non-monolayer behavior. However, even at heavier wt./vol. this effect is minimal. The
SEM pictures of several samples were taken to compare the surface area coverage of the
particles and the structures they formed.

3.2. Synthesized Silver Nanoparticles
Preliminary work was done to measure current from SOI cells with a synthesized
Ag nanoparticle layer. Ag particles were created in solution with 31 and 69 nm diameters.
Dynamic light scattering (DLS) was used to measure the average particle diameter. The
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synthesized particles formed a thin glucose layer which grew at a rate of 20 nm per week.
Kept at a controlled rate, this growth may be used as a controlled passivation layer which
can also affect the distance of the particle from the surface of the SOI. The particles were
clean by centrifuging the solution for two minutes to remove large waste solids. The SOI
device used for current measurements had a 1.5 µm thick c-Si active layer. The
synthesized particles had a good result rate on the thinner c-Si active layer. Although the
native SiO2 layer was smaller on the thinner SOI c-Si active layer, thus thinning the
passivation layer, the glucose shell on the particle acted as an electrical insulator. The
particle solutions were deposited via spin-coating in the same manner as the Ag nano ink
coatings. Three two were conducted, the first test used 31 nm diameter particles and the
second test used 69 nm diameter particles with a 20 nm glucose shell in. Figure 10 shows
the photocurrent response results for the three tests. Table 2 shows the overall
photocurrent results for the two tests.
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Figure 10: Photocurrent response of (a) 31 nm diameter Ag particles and (b) 69 nm
diameter Ag particles. The error bars in the inset graphics show the standard error.

Table 2: Photocurrent response of synthesized Ag particles
Particle Size (nm)

Particle Dilution (%)

31
69

80
80

Photocurrent
Enhancement (%)
48.92 ± 1.47
198.84 ± 3.43

Previous work showed a maximum of 33% photocurrent enhancement when using 16 nm
Ag disks fabricated through thermal evaporation and annealing on SOI devices [27]. Both
solutions of 31 nm diameter particles show greater enhancement than the reported work.
The 69 nm particle solution showed the greatest enhancement of both the Ag nano ink
and the synthesized Ag particle solution tests. This corresponds to the larger particle
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volume particle having greater dipole strength. The 69 nm particles produced huge
photocurrent enhancement gains corresponding to the greater dipole strength. The
enhancement grows sharply with four peaks occurring, at 490, 590, 690, and 830 nm. The
peaks occur from the red-shifted bulk plasmon resonance of Ag in air, SiO2, glucose, and
Si respectively. The Ag particle with the glucose shell causes a bulk resonance plasmon
peak at 575 nm for smaller particle sizes but has been red shifted because of the larger
particle volume. Although the Ag nano ink was not tested with the same substrate as the
synthesized particles, the wt./vol. and the substrate thicknesses were similar. The
enhancement of the 0.01% wt./vol. solution showed an enhancement of 55.6% which
correlated with the increasing photocurrent enhancement trend with particle size. The
effect of the particle being a distance of 20 nm away from the c-Si surface has not been
explored yet, but could be using the controlled shell growth technique. The tests
demonstrate that chemically fabricated particles may be used with the same consistent
results as the Ag nano ink for SOI device coatings. The important factor in these results is
the technique may be used to create nanoparticles with a variety of controllable
parameters. Nanoparticle creation through chemical synthesis has been reported in
literature to create a wide variety of shapes, sizes, and nanoshells [32, 34, 35]. Size,
shape, metal, and distance from the substrate may all be controlled in house, allowing the
effects of the different particle parameters to be explicitly tested on the effect of
photocurrent enhancement. Also just as importantly, the creation of these particles is
offloaded from the device surface. Prefabrication of particles allows the easy
manipulation of parameters without having to include the extra burden of heat or
specialized pattering equipment in the fabrication of solar cells or photodevices. The
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effects of the particle morphology from depositing nanoparticles through the spin-coating
method on the photocurrent response will be discussed in the next chapter. The effects of
particle size and shells on the photocurrent response will also be analyzed subsequently.
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Chapter 4: Discussion

In these experiments, Silver (Ag) nanoparticles were deposited through the simple
spin-coating method to enhance photocurrent in SOI wafers. Although obtaining some
degree of periodicity and separation is optimal for photocurrent enhancement, depositing
particles through spin-coating is a cheap and effective way of creating a monolayer
coating that has current enhancing properties. Using Ag nano ink, the overall surface area
coverage increases exponentially with the Ag solution wt./vol. and increases overall
photocurrent enhancement up until the 0.1-0.3% Ag solution wt./vol. range. However, in
the 1-10% Ag solution wt./vol. range, the photocurrent response decrease exponentially.
Figure 11 shows the surface area coverage vs. the solution wt./vol. and the photocurrent
enhancement for 40 nm diameter Ag particles in the 0.1-10% solution wt./vol. range.
Surface area coverage was determined by analyzing the scanning electron microscope
(SEM) pictures of the individual samples.
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Figure 11: Surface area coverage vs. Ag solution wt./vol. (blue squares) and overall
photocurrent enhancement (green circles) for 0.1-10% solution wt./vol. The
errorbars show the standard error.
Figure 7 and Figure 11 show that the peak current enhancement occurs for 40 nm
diameter Ag particles when using 0.1% solution wt./vol. or 7% coverage.
Using Eq. (1) and (2), the scattering and absorption cross sections for 40 nm
diameter particles were calculated using the dielectric function of Ag [36, 37]. In air
(dielectric constant of 1), the particle bulk plasmon resonance occurs at approximately
375 nm wavelength. At this wavelength the scattering cross section diameter for a 40 nm
diameter particle is 40 nm with a 1:1 ratio. Because the bulk plasmon resonance peak
occurs outside the sensitivity spectrum of Si, the photocurrent enhancement response will
show no peak due to the silver particle in air. However, the model of a particle suspended
in in air is not accurate for a particle sitting on a Silicon (Si) substrate as the particle is
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directly in contact with the native Silicon dioxide (SiO2) layer and within proximity of
the crystalline Silicon (c-Si) active layer. Figure 12 (a) shows the cross section diameter
vs. wavelength for 40 nm diameter particles imbedded in air, SiO2 and Si.

Figure 12: (a) Scattering (solid lines) and absorption (dashed lines) cross section vs.
wavelength for 40 nm diameter particles. (b) The albedo vs particle diameter at 500
nm wavelength for air (blue lines), SiO2 (green lines), and Si (red lines).
When a particle is embedded in a medium of higher optical density, the bulk plasmon
resonance peak redshifts. A particle embedded in SiO2 (dielectric constant of 3.9) shows
a scattering cross section resonance peak at 475 nm and a 2:1 ratio of scattering to
particle diameter. A particle embedded in Si (dielectric constant of 11.6) shows a
scattering cross section resonance peak at 750 nm and a 1.5:1 ratio of scattering to
particle diameter. When a particle is in direct contact with these materials, the effective
scattering cross section will be influenced by these material’s dielectric function
characteristics. The bulk plasmon resonance peak for Ag near SiO2 and Si is reflected in
Figure 7 (a-c), where small peak formations occur 475 and 750 nm. The calculation of a
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Ag particle imbedded in amorphous Silicon (a-Si) is not included in the figure as the
dielectric function of a-Si contains very large imaginary components at smaller
wavelengths near 350 nm and requires a more complex evaluation than the simplified
forms of Eq. (1) and (2) [38]. Figure 13 shows the scattering and absorption cross
sections for 31 nm and 69 nm particles used in the synthesized Ag particle tests.

Figure 13: Scattering (solid lines) and absorption (dashed lines) cross section vs.
wavelength for (a) 31 nm and (b) 69 nm Ag particles in air (blue lines), SiO2 (green
lines), and Si (red lines).
Figure 13 (a) shows that for a 31 nm diameter particle, the absorption cross section is
much larger than the scattering cross section. The figure also shows that the air scattering
cross section is smaller than the particle diameter and the SiO2 scattering cross section
diameter to particle diameter has a nearly 1:1 ratio, meaning that the surface coverage
needed to get the theoretical maximum enhancement may not be obtainable. Figure 13
(b) shows 69 nm diameter particles have almost equal scattering to absorption cross
section ratios and much larger scattering cross section. Particles imbedded in air have a
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scattering cross section more than 2.5x the particle diameter and particles embedded in
SiO2 have a scattering cross section more than 6x the particle diameter. The theoretical
surface coverage needed for maximum enhancement would be 15-30%. The 69 nm
diameter Ag particles having the greatest photocurrent overall enhancement agrees with
the scattering cross section sharply increasing with particle size. The synthesized 69 nm
diameter Ag particles had a glucose shell of 20 nm. The dielectric constant of glucose is
approximately 6.5 at very dense concentrations of the glucose molecule [38]. The bulk
plasmon resonance peak resides at 575 nm and the scattering to particle diameter ratio is
6:1. As shown in Figure 10, both the 31 and the 69 nm particles have photocurrent
enhancement peaks near 475 and 750 nm due to the SiO2 and Si respectively. However,
the 69 nm particle in Figure 10 (b) shows a third peak around 575 nm. Thus the
photocurrent response peak around 575 nm in Figure 10 (c) can be explained as the result
of the Ag nanoparticle having a dense glucose shell. Adding shells to nanoparticles of a
desired material could be used to further tune a photocurrent response to a desired
wavelength, depending on the application.
The albedo of Ag nanoparticles is plotted as a function of particle diameter at a
wavelength of 500 nm in Figure 12 (b). The albedo ( ) is calculated from the scattering
cross section ( ) and the absorption cross section (

) by the formula

⁄(

Figure 12 (b) shows at very small particle diameters, absorption dominates and the
absorption and scattering efficiency is low. The albedo quickly rises with particle size,
until it begins to slow with larger particle sizes. The 40 nm diameter Ag nano ink
particles shows a middling albedo value with the absorption cross section still greater
than the scattering cross section. In general, particles must be larger than 60 nm for the
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scattering cross section to be larger than then absorption cross section. The absorption
and scattering cross sections in Figure 13 (b) have closer to a 1:1 ratio when the particle
is 69 nm in diameter. This value varies with wavelength however, and can be much
higher or lower. For very large particles of above 100 nm, the Drude approximation in
Eq. (1) and (2) used to calculate the albedos and cross sections cannot be used as multipole depolarization becomes prominent.
Figure 11 shows the Ag nano ink has the overall highest photocurrent response
when the surface area coverage is close to 7%, but Figure 7 shows the a peak
photocurrent response when the surface area coverage is close to 30%. This does not
agree with Figure 12 (a) which expects that the maximum surface coverage needed for
maximum scattering cross section coverage to be between 50-100%. The overall
enhancement using increasing solution weights up to 0.1% wt./vol. is explained by the
afore mention methods of optical path lengthening via small particle scattering and near
field concentration. However, the overall photocurrent enhancement reduces when using
the 1-10% wt./vol. solutions and peak photocurrent enhancement reduces in the 5-10%
wt./vol range. This reduction can be explained by the particle morphology on the surface
of the substrate. Figure 14 shows the same scanning electron microscope (SEM) picture
of 1% wt./vol. solution as Figure 9 with examples of Ag particle strings (red) and clusters
(yellow) highlighted.
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Figure 14: SEM of 1% wt./vol. Ag solution on SOI with example strings (red) and
clusters (yellow) colorized.
A string was defined to be a particle formation of three or more units where each unit
only has two particles within a one particle distance in an approximately linear formation.
A cluster was defined to be a particle formation of three or more units where each unit
has two or more particle within a single particle distance in a non-linear formation.
When the particles are deposited on the substrate during spin-coating, liquid is
deposited onto the surface. Capillary forces, or the forces in between particles mediated
by liquid, work against the centripetal force to keep the particles from dispersing in even
interparticle distances [39]. The particles will cluster together or stretch out in lines of
strings. The denser the particle solutions, the more particle formations occur. When
particles stretch out in long chains, each individual particle unit forms a charge
distribution of end-to-end dipoles. Because of the proximity of other particles in a linear
formation, each unit’s dipole influences the overall dipole direction, so that the overall
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effect is a mono-directional dipole chain. Each unit maintains only one dipole per
particle. The effect of a chain of particles is the particle bulk plasmon resonance redshifts in wavelength. As more particle units are added to the chain, the bulk plasmon
resonance shifts further. After 10 units are added, the chain approximates the infinite
chain model. Additional red-shifting is minimal with more units, and the absorption and
scattering strengths decrease quickly. Also, variation from a linear formation of units
causes absorption and scattering strengths to decrease [40].

Figure 15: (a) Dipole formation in strings and extinction spectra for Au particles
and (b) the effect of chain size on plasmon resonance [40].
Figure 15 (a) shows the un-polarized end-to-end dipole chain formation with linear
variations for a 50 nm Gold (Au) nanoparticles and its extinction spectra. Because of the
variations in linearity of the chain, multi-poles are formed which have a different intrinsic
bulk plasmon resonance frequency. However, because the overall linearity is preserved,
the highest peak intensity is attributed to the dipole effect. The extinction intensity also
varies with light polarization. The chain acts as a dipole and carries the same
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intensity dependence with polarization angle θ. The solar spectrum is randomly polarized
so the overall intensity would be expected to be an average of the polarization dependent
intensity. Figure 15 (b) shows the effect of chain length of Au nanoparticles on the bulk
plasmon resonance peak. The green peak indicates the bulk plasmon resonance produced
from the dipole formations and the black peak indicates the effects from the multi-pole
resonance [40]. The red-shifting of the resonance peak is caused by the proximity of the
nanoparticles. When two particles are within a few nanometers of each other, the
conducting shells may be modeled as a hybrid fluid form of electron density with a
unique dielectric constant. The hybrid plasmon modes are a superposition of the
individual unit modes and the optical properties of a structure can be calculated from the
equations of motion. The closer in distance the particles get, the stronger this
hybridization effect and the stronger and more red-shifted the new plasmon resonance
mode becomes, although this effect may be observed in particles as far as one particle
distance in separation [41]. The impact of this hybridization mode is that even for
completely periodically spaced nanoparticles, the maximum inter-particle distance
allowed without red-shifting of the bulk plasmon resonance peak is a one particle
diameter or approximately 50% surface coverage. Using the Drude model, the minimum
Ag particle size that induces a cross section twice the size of the particle diameter is 55
nm for maximum enhancement.
When particles cluster together, the units are no longer in a linear formation and
the interparticle influences are coming from multiple directions. The dipoles cannot any
longer align end-to-end. When many particles are massed together, multi-poles are
induced in a single unit. Multi-poles are not efficient at radiating, and have much lower
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absorption and scattering strengths. Multi-poles induce a separate bulk plasmon
resonance peak from the dipole peak, which becomes more pronounced and disperse as
more units are added to the cluster.

Figure 16: (a) Charge distribution of an asymmetric gold cluster for s and p
polarizations [42], (b) absorption spectra for Ag trimer and quadrumers with
structural variations [43],and (c) effect of size on extinction spectra for Ag double
chains [40].
Figure 16 (a) shows possible charge distribution modes of an asymmetric cluster of Au
128 nm diameter disks for s and p light polarization. Clusters are even more sensitive to
the polarization of light. Superradiant modes are modes where the dipole mode dominates
and each unit functions as a dipole with the overall effect of a dipole. Subradiant modes
are modes where multi-poles dominate and each unit may have multiple poles induced
within a single unit. The overall effect is incoherent and destructively interferes. The
different modes induce strong plasmon resonances peaks at distinct wavelengths [42].
Figure 16 (b) shows the absorption spectra for Ag 10 nm diameter clusters of three and
four particles and the effect variations of symmetry have. The trimer cluster shows
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minimal peak separation (although variations cause the peak separation to become more
pronounced), but a quadrumer shows two distinct peak resonances. The smaller peak at
the higher energy is attributed to the multi-pole resonance, and the larger peak at the
lower energy is attributed to the dipole effect [43]. Figure 16 (c) shows the extinction
spectra of 50 nm diameter Au double chains with increasing lengths. The dipole effect
continues to red-shift the bulk plasmon resonance peak at reduced absorption, but the
multi-pole effect induces a bulk plasmon resonance that slightly blue shifts with very low
absorption [40]. The effect of clusters is to create a separation of plasmon resonance
peaks where increased cluster sizes increases the separation and reduces the power of
radiation. Clusters are extremely sensitive light polarization, and variations in symmetry.
Very large cluster produce modes of interference which reduce the radiation intensity
power of the dipole.
Observing Figure 7, the effects of the particle morphology can be seen on the
photocurrent response of the Ag nano ink solution. The photocurrent response for 0.010.1% wt. vol. show a uniform photocurrent enhancement. Because the particles are
evenly dispersed, the bulk plasmon resonance peaks occur at 475 and 750 nm with
uniform enhancement in between. Theory for the scattering cross section for 40 nm
particles requires a surface coverage of 50-100% so that more surface coverage will
induce more current, accounting for the increase in overall photocurrent. At wt./vol.
higher than 0.1%, particle formation begin to occur. The 0.5% wt./vol. sample shows a
shifting of peaks beginning, with a large defined peak forming at 690 nm. This shifting
peak can be attributed to the bulk plasmon resonance of Ag in air and SiO2 red-shifting.
The low number of formations occurring in the 0.5% wt./vol. sample correlates to the
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broad spread of the resonance peaks. As the number of formations increase and get
larger, the peaks become sharper and better defined. The smaller peak at 590 nm is a peak
of unchanging size is an effect of the interference fringes. The sharpening of peaks can be
seen most defined in the 10% wt./vol. sample where the photocurrent enhancement is
negative until 525 nm where it becomes positive again indicating the red shifting of the
response compared to the uncoated SOI. The bulk plasmon resonance peak in Si also red
shifts causing a more noticeable photocurrent response in the 800-1000 nm spectrum, but
the weaker irradiation still becomes obscured by noise. At these higher wavelengths, the
stronger photocurrent enhancement response also shows oscillations due to interference
from the light on the thin film c-Si. The red-shifting narrows the overall bandwidth of
enhancement as the c-Si bandgap is intrinsic. Although the bulk plasmon resonance peaks
are simply shifting up the spectrum, any enhancement that moves beyond 1100 nm will
be lost.
As the coating solutions get denser, the close proximity of particles begins to
affect the photocurrent response. No matter if the formations are strings or clusters, the
particles begin exhibiting strong multi-pole characteristics, reducing the overall
enhancement. The redshift effect also continues as strings get longer and clusters get
larger, with the 10% wt./vol. solution producing the largest redshift and sharpest peaks.
The 5% and 10% wt./vol. solutions show the decreased peak enhancement and redshifting trends that lead to the lower overall enhancements. Although clusters will not
outright suppress current enhancement and still contribute to the enhancement effect, the
rate of enhancement is reduced.
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For using the spin-coating technique, a balance is required to induce the most
efficient enhancement response. The morphology of the particles must be considered in
what solution weight will be coated on the device. Also, the purpose of the device should
be regarded, whether an overall broadband enhancement is desired, or a narrow band
enhancement with large enhancements peaks for a particular wavelength is needed. The
particle structure, solution weight, size, shape, material, and surface morphology will all
contribute to the photocurrent response. As discussed in this section, the spin-coating
technique gives good, consistent photocurrent enhancement results, where understanding
the mechanisms of surface morphology and particle parameters will allow for an effective
plasmonic interface to be developed.
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Chapter 5: Conclusion and Future Work

Plasmonic interfaces are a structure that can be used to modify photosensitive
devices to enhance their capabilities. Thin film solar cells in particular can be improved
by the addition of nanoparticles to enhance the photocurrent efficiency. In this work, a
simple and cheap spin-coating technique was developed to deposit nanoparticles in a
monolayer on a Silion-on-insulator (SOI) device. The photocurrent response to the
nanoparticle coating was measured for two different particle solution types.
Silver (Ag) nano ink with 40 nm diameter particles diluted in EtOH was used to
find the photocurrent response of different solution weights and their surface coverage.
For 40 nm diameter Ag particles, the expected surface coverage for most the efficient
photocurrent enhancement using the simple Drude model would be 50-100%. However,
the surface coverage found to give the largest overall photocurrent enhancement was 7%
coverage. This is attributed to the morphology that particles in solution form on the
surface of the crystalline Silicon (c-Si) substrate. Capillary forces cause the particles to be
drawn together, working against the centripetal forces of spin-coating. This causes the
particles to form strings and clusters which have very unique optical properties. The most
prominent characteristic is the ability to redshift the bulk plasmon resonance peaks of the
Ag particles. Because of this, surface coverage higher than 7% shows a photocurrent
response that redshifts and narrows the overall enhancement curve. Although this may be
detriment in solar cell applications, the enhancement in certain spectra and narrowing of
the photocurrent response could be used in light sensitive applications where only a
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certain wavelength is desired to be detected. The general large photocurrent
enhancement, quickness, simple fabrication, and low cost would be beneficial to both
solar and light sensitive applications.
Synthesized Ag particles were created in solution and deposited via same
method on SOI devices. Particles of 31 and 69 nm diameter in 0.013% wt./vol. were
created and deposited onto the substrate. The 69 nm diameter particles had a 20 nm
glucose shell grown before deposition. The 69 nm diameter particle also showed the
largest photocurrent enhancement of all the particles. An extra sharp spike in
enhancement corresponded to a bulk plasmon resonance peak from adding a glucose
shell. This method shows the greatest potential for researching the plasmonic effects of
nanoparticles. The particles are fabricated in house, and the photocurrent effects of
particle size and shape may be tested. The effects of adding shells such as Silicon dioxide
(SiO2) or other optical materials to the particles could also be tested. Finally, the effects
of evanescent wave source propagation could be explored, as the particle distance from
the surface could be controlled through shell thickness. Nanoparticles are an easy and
cheap way to control the properties of light trapping, and would be beneficial to cost
controlling and enhancing the properties of thin film solar cells and other photodetector
devices.
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